The heart forms as a linear heart tube that loops and septates to produce a mature four-chambered structure. The single vessel emerging from the embryonic heart, the truncus arteriosus, divides into the aorta and the pulmonary artery as part of this septation process, and a series of additional morphogenetic events result in the proper alignment and orientation of the cardiac outflow tract. Recent evidence indicates that this process involves the complex interactions of multiple cell types including primary and secondary heart fields, neural crest, pharyngeal mesenchyme, endoderm, and endothelium. Among the many signals that mediate tissue-tissue interactions during the formation of the outflow tract, we have focused on the role of the Notch signaling pathway. Here, we focus on recent advances in our understanding of Notch-mediated regulation of cardiac development with specific attention to the formation of the cardiac outflow tract.
Introduction
Congenital heart disease is among the most common of all birth defects occurring as often as 1 in every 100 live births. About one-third of medically significant congenital cardiac defects involve the outflow tract of the heart, and these frequently require surgical repair. Both genetic and environmental influences affecting the occurrence of outflow tract defects have been implicated to cause disruption of the normal complex series of morphogenetic events that occur during embryonic cardiac development.
A significant advance in our understanding of how the cardiac outflow tract normally forms was provided by Margaret Kirby and colleagues in the 1980s when they demonstrated that neural crest cells contribute to the cardiac outflow tract and are required for septation of the truncus arteriosus [3, 19] . Ablation of pre-migratory neural crest results in a spectrum of cardiovascular disorders including persistent truncus arteriosus (PTA), double outlet right ventricle (DORV), and ventricular septal defect (VSD). Also included in this spectrum is tetralogy of fallot (TOF), a common congenital heart disorder that has four major components: valvular or subvalvular pulmonary stenosis, a VSD, a misaligned aorta, and right ventricular hypertrophy. In humans, these forms of congenital defects are seen both in isolation, and as part of more complex syndromes involving defects in other organs and tissues. Amongst the more common human syndromes involving outflow tract defects is DiGeorge syndrome, commonly associated with micro-or macro-deletions on chromosome 22q11 usually including deletion of TBX1, which has been strongly implicated in the etiology of this disorder [6] . Interestingly, TBX1 is not expressed in neural crest cells. Rather, it is expressed in second heart field derived myocardium, endoderm, and pharyngeal mesenchyme. In mouse models, loss of Tbx1 leads to secondary neural crest defect, underscoring the importance of tissue-tissue interactions during outflow tract formation [20] . Indeed, an ever-expanding number of mouse models of cardiac outflow tract defects have been described, and it is now clear that tissue-specific gene inactivation in a variety of tissues can result in quite similar forms of congenital heart disease. For example, while deletion of a bone morphogenetic protein receptor in the neural crest can cause outflow dysmorphology, an overlapping spectrum of defects can also be produced by deletion of the semaphorin receptor PlexinD1 in endothelial cells [17, 41] . As described in more detail below, manipulation of gene expression in the second heart field can also result in similar abnormalities. Hence, significant recent attention has focused on the interactions among these various cell types and the signaling pathways that mediate tissue-tissue communication.
Notch and Human Cardiovascular Disease
Among the many mechanisms by which cells and tissues communicate with one another, the Notch pathway has emerged as a potent mediator of cell fate determination and organogenesis. In humans, mutations in various components of the Notch signaling pathway have been associated with various cardiovascular disorders, including Alagille syndrome and cerebral autosomal dominant arteriopathy with subcortical infarct and leukoencephalopathy (CA-DASIL) syndrome [34, 38] . Alagille syndrome is a human disorder involving outflow tract cardiac defects. This syndrome is characterized by a spectrum of anomalies including congenital heart defects, such as peripheral pulmonary artery stenosis, aortic constriction, semilunar valve defects, and TOF, as well as impaired differentiation of intrahepatic bile ducts, skeletal defects, eye abnormalities, and kidney anomalies. Human mutations in Alagille syndrome have been identified in components of the Notch signaling pathway including NOTCH2 and JAGGED1, a ligand of the Notch receptor [38] . Recently, in a genomewide survey of over 100 TOF patients and their unaffected parents, 11 de novo CNVs at ten unique loci were identified, including those at the NOTCH1 and JAGGED1 loci. This provides the first direct evidence that NOTCH1 mutations are associated with human TOF [10] .
CADASIL syndrome is an autosomal dominant, vascular degenerative disease caused by mutations in the NOTCH3 receptor. It is characterized by non-atherosclerotic, amyloid-negative, angiopathy resulting in thickening of the small arteries of the brain, heart, and other visceral organs. Patients with CADASIL syndrome suffer from recurrent subcortical ischemic strokes, migraine headaches, and cognitive impairment. Other clinical features include early myocardial infarction, peripheral neuropathy as well as defects in renal function, eyesight, and hearing. Interestingly, the clinical course and prognosis of CADASIL, even within the same family, is quite variable. Studying the genetic modifiers of this disease is necessary to better understand vascular development and disease. Most mutations in the NOTCH3 gene, a gene with 33 exons, are in exons 3-6, 11, and 18-23 [34] .
Notch mutations have also been associated with human aortic stenosis and bicuspid aortic valve [8] . The incidence of aortic stenosis increases with age in adults, and the incidence is also increased in the 2% of the population that have a bicuspid aortic valve [14] . NOTCH1 haploinsufficiency is associated with aortic valve disease including early calcification and bicuspid aortic valve disease, and heterozygous NOTCH1 mutations were associated with aortic valve calcification and aortic aneurysms [8] . However, two genome-wide linkage studies for valve calcification susceptibility loci suggest that NOTCH1 mutations do not account for all cases of calcific valve disease, and instead found several other loci that are associated with this phenotype [2, 23] .
Notch Signaling
In humans and mice, there are 4 Notch receptors that are cell surface molecules capable of undergoing proteolytic cleavage upon ligand-mediated activation, which results in translocation of the intracellular domain to the nucleus and subsequent downstream gene activation. Ligands for Notch receptors include members of the Jagged and Delta families, which are membrane bound. Hence, Notch mediates communication between adjacent cells. Notch is a highly conserved pathway that plays fundamental roles in fate specification in organisms as diverse as flies and man. One important function of Notch signaling is to mediate lateral inhibition, in which one cell prevents neighboring cells from adopting similar fates by activating Notch. Notch is also important for lineage determination and boundary formation, and Notch plays fundamental roles in differentiation and multipotency in stem cells [12] .
Upon activation, the intracellular domain of Notch (NICD) interacts with a number of nuclear proteins, including Mastermind-like protein (MAML) and recombination signal binding protein for immunoglobuluin J-kappa region (RBP-J), which are required to form an active transcription complex. Among the transcriptional targets of Notch are the Hrt and Hes family of genes and c-Myc [12, 39] .
Downstream of Notch
Recent work using murine models has implicated Notch as a key mediator of signaling networks involved in outflow tract development. Deletion of the Notch ligand Jagged1, or inhibition of Notch signaling using a dominant negative
MAML transgenic construct within cells of the second heart field, resulted in outflow tract abnormalities including PTA, DORV, and aortic arch artery patterning defects. Interestingly, inhibition of Notch signaling in cells of the second heart field affected morphogenesis of neighboring tissues, including faulty migration of cardiac neural crest cells and defective epithelial-mesenchymal transformation (EMT) within outflow tract endocardial cushions. Moreover, in these mutants we saw a down-regulation of Fgf8 and Bmp4 in second heart field derived myocardium. We were able to rescue defective EMT in an ex vivo assay by the addition of recombinant Fgf8, thereby implicating Notch as a critical mediator of Fgf8 signaling in the second heart field [13] . Fgf8, a member of the fibroblast growth factor (Fgf) family, is a soluble protein expressed in the cardiac crescent and in multiple tissues throughout development including pharyngeal endoderm, ectoderm, and second heart field [5, 18] . Fgf8 hypomorphs demonstrate defects in outflow tract formation and aortic arch patterning [1, 7, 25] . Loss of Fgf8 specifically in the second heart field results in similar abnormalities to those seen in global hypomorphs, suggesting a cell autonomous role for Fgf8 within this tissue [15, 28] . Inactivation of both Fgf receptor (Fgfr) 1 and 2, or loss of an adaptor protein FRS2a that is utilized by Fgf receptors, in second heart field precursors results in outflow tract abnormalities nearly identical to those seen in Fgf8 global hypomorphs, while unexpectedly inactivation of the receptors in neural crest does not result in a phenotype [29, 40] . These data suggest that Fgf8 signals in an autocrine loop within the second heart field, which may result in expression of another soluble factor that subsequently signals to the neural crest and/or endothelium to mediate outflow tract morphogenesis.
Bmp4 is one of the most strongly expressed members of the bone morphogenic protein family within the developing outflow tract, and recent studies suggest it may be responsible for transmitting the Fgf8 signal to the neural crest and endocardium [17] . Cardiac-specific deletion of Fgf8 results in a down-regulation of Bmp4 in the developing outflow tract, suggesting Bmp4 is downstream of Fgf8 [15, 22, 24, 29, 40] . Consistent with this observation, Bmp4 deletion in the second heart field results in PTA [24] . Deletion of the Bmp4 receptors Alk2 or Alk3 specifically in the neural crest results in outflow tract and aortic arch artery defects nearly identical to those described in the aforementioned Fgf8 mutants [17, 33] . The role of Bmp signaling to the neural crest is further supported by conditional deletion of Smad4, which functions downstream of activated Bmp receptors, resulting in PTA and hypocellular outflow tract cushions [16] . Evidence also exists to support a role for Bmp signaling to the outflow tract endocardium. Deletion of either Alk2 or Alk3 receptors in endocardium results in abnormal cellularization and defective EMT of the AV cushions [4, 9, 37] . We have developed a working model for the tissue-specific roles of various signaling pathways involved in outflow tract development (Fig. 1) .
The aforementioned studies do not elucidate whether Fgf8 is a direct target of Notch signaling, but recent studies raise the possibility that Hes1 may be an intermediary in a Notch-Fgf8 pathway. Rochais and colleagues discovered through enhancer trap analysis that Hes-1 is expressed in the pharyngeal mesoderm, including the region of the second heart field at 8.5 dpc. They went on to show that a significant percentage of Hes-1 mutant mice have outflow tract defects, including overriding aortas and ventricular septal defects. The authors note a shorter and straighter OFT in Hes1 -/-embryos, as well as early reduction in proliferation of second heart field progenitors. Interestingly, this study also demonstrates a paucity of neural crest cells within the distal OFT, similar to what we describe in mutants with inactivated Notch signaling in the second heart field [31] . Tissue-specific deletion of Hes1 will further elucidate whether the effect on neural crest cells is indeed non-cell autonomous. Moreover, as Hes1 most often functions as a transcriptional repressor, if it is functioning as an intermediary in a Notch-Fgf8 pathway it may not be directly acting to up-regulate Fgf8 signaling, but rather may be repressing an unknown downstream repressor of Fgf8.
Notch and Valve Homeostasis
As mentioned earlier, Notch mutations have been implicated in human aortic stenosis. A mechanism for the premature calcification seen in NOTCH1 haploinsufficiency Fig. 1 Tissue-tissue interactions during outflow tract development. The model depicts second heart field myocardium, endothelium undergoing EMT, and cardiac neural crest. Jagged1/Notch signaling in the second heart field is proposed to stimulate Fgf8, which functions within the second heart field to regulate downstream cascades including Bmp4, which in turn signals to endothelium and neural crest. Reprinted with permission from the Journal of Clinical Investigation [13] has been elucidated in a murine model. Notch is thought to repress an osteogenic program in murine aortic valves through repression of Bmp2 and Runx2, a transcriptional regulator of osteoblast cell fate [8, 26] . Nigam et al. found that knockdown of Bmp2 in sheep aortic valve interstitial cells blocked the calcification induced by Notch inhibition. Excitingly, periostin, which previously has been implicated in osteoblast differentiation and is expressed by valve precursors, has been implicated in regulating expression of the Notch ligand delta-like 1 homolog (Dlk1). In periostin null mice, Dlk1 is over-expressed in the embryonic OFT, and this over-expression negatively regulates Notch1 signaling leading to an induction of the osteoblast cell fate through Runx2 expression [36] . Therefore, periostin signaling through Notch represses a default osteogenic program in the OFT cushion mesenchyme and promotes development of the fibrogenic lineage.
In addition to a role in preventing valvular calcification, Notch is involved in normal valvular morphogenesis. Global Notch1 and RBP-J mutants have abnormal valvular morphogenesis as reflected by hypocellular endocardial cushions, defective EMT, and down-regulation of expression of Snail and Slug, two important mediators of EMT [27, 35] . Jagged1 ligand stimulation of endothelial cells is sufficient to induce EMT, whereas expression analysis suggests that Notch1 and Delta-like 4 may be active in the endothelium. Further analysis using conditional alleles will be instructive to determine the cellular requirements for Notch1 and RBP-J signaling in valve formation [27, 35] .
Notch and Wnt
Crosstalk between Notch and Wnt signaling has been demonstrated in multiple contexts, and the two pathways are so often interconnected that the term ''Wntch'' has been proposed to describe the combined signaling module [11] . Nevertheless, the interactions between Notch and Wnt during cardiovascular morphogenesis are not well understood. Recent publications give tantalizing clues to the undoubtedly complex interplay of these pathways in the cardiovascular system. One such recent publication described the balance of Notch and Wnt signaling during angiogenesis. In endothelial stalk cells, Delta-like 4 induces expression of Notch-regulated ankyrin repeat (Nrarp) which serves to further limit Notch signaling and promote Wnt signaling in these cells. Ultimately, the balance between Notch and Wnt signaling helps to determine whether to make or break new vessel connections, thereby regulating retinal vessel density [30] .
Both Notch and Wnt signaling are important regulators of cardiac development and OFT development. Some evidence to suggest that interplay in fact exists comes from deletion of Lrp6, an essential coreceptor for canonical Wnt signaling. Homozygous deletion of Lrp6 results in outflow tract defects and ventricular septal defects, with a reduction of Fgf8 signaling and hypocellular outflow tract cushions. The neural crest is clearly affected as well, as evidenced by blunting of Pax3 expression and loss of Msx1 and Msx2 expression [32] . Though the tissue-specific role of Lrp6 remains to be demonstrated, this phenotype is strikingly similar to the aforementioned studies where Notch signaling in the second heart field was perturbed, and both pathways appear to converge on Fgf8. It will be interesting to assess for perturbation of Notch signaling in Lrp6 mutant mice.
Further evidence for interaction between Notch and Wnt in outflow tract formation comes from studies in which Notch1 was deleted in the second heart field using Islet1-Cre. The absence of Notch1 in this region results in an expansion of cardiac progenitor cells in the ventral pharynx, reminiscent of the phenotype seen in mice with constitutively active b-catenin [21] . However, there are some differences between the two phenotypes, including a hypoplastic right ventricle in Notch1 mutants versus right ventricular enlargement in the constitutively active bcatenin mice, which may reflect a role for Notch in migration of the cells into the primitive right ventricle. Kwon et al. [21] further tested the interplay of Notch/Wnt pathways by inactivating Notch1 using siRNA in ES cells, and confirmed a concomitant increase in active phosphorylated b-catenin. Therefore, they suggest that b-catenin signaling promotes expansion of cardiac progenitor cells, while Notch1 activity may negatively regulate this process through control of phosphorylated b-catenin. Thus, emerging work is beginning to dissect the interplay of Notch/Wnt in cardiac outflow tract formation and this will likely be an area of much future investigation.
In this review, we have attempted to highlight some of the key cell types and signaling pathways involved in tissue-tissue interactions during outflow tract development. These studies provide initial insights into how second heart field precursors are communicating to neural crest and endothelium to orchestrate outflow tract formation. Continued efforts will be required to understand the temporal and spatial components of tissue-tissue interactions that must take place for proper cardiogenesis.
